The chemisorption of single oxygen molecules on Ag͑110͒ and the dissociation of the adsorbed molecules induced by tunneling electrons were studied at 13 K using a variable-low-temperature scanning tunneling microscope. Two predominant types of chemisorbed O 2 molecules were identified, one with the O 2 molecular axis aligned along the ͓001͔ direction of the substrate ͓O 2 ͑001͔͒, and the other with the molecular axis aligned along the ͓110͔ direction ͓O 2 ͑110͔͒. Tunneling of electrons between the scanning tunneling microscope tip and O 2 ͑001͒ caused the molecule either to rotate or dissociate, depending on the direction of electron tunneling. In contrast, electron tunneling caused O 2 ͑110͒ to dissociate regardless of tunneling direction. In addition to O 2 ͑001͒ and O 2 ͑110͒, several other oxygen species and their dynamical behaviors were observed.
I. INTRODUCTION
The well-known activity of silver as a catalyst for selective oxidation of hydrocarbons 1, 2 has generated a number of investigations devoted to the molecular level understanding for the interaction of oxygen with silver surface. [3] [4] [5] Since the interaction of oxygen with silver surface involves several adsorbed states, it has served as a model system for the study of adsorption and dissociation. The adsorption of oxygen on a Ag͑110͒ surface has been characterized by three distinct states: 6,7 a molecular physisorbed state, a molecular chemisorbed state, and a dissociative ͑atomic͒ chemisorbed state. In the physisorbed state ͑below 40 K͒, O 2 molecules lie on the surface with the molecular axis aligned along the ͓001͔ direction. 8 The chemisorbed state ͑40-150 K͒ has been widely studied using various techniques; [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] however, conflicting results have been reported regarding the characteristics of the chemisorbed molecule including its charge state. O 2 molecules adsorbed at temperatures above 150 K undergo dissociation. 18 At room temperature or above, such dissociative adsorption induces changes in the surface structure such as the formation of adrows along the ͓001͔ direction. 19, 20 Although several studies have examined this dissociation process, [19] [20] [21] [22] [23] [24] [25] the development of a model for the dissociation has been hindered by the existence of conflicting evidence about the orientation of the chemisorbed O 2 , and by the narrow temperature range between the dissociation of the chemisorbed O 2 and the surface reconstruction.
In this paper, we report atomic-scale images of oxygen species chemisorbed on Ag͑110͒ at 45-75 K and of the rotation and dissociation process of the O 2 molecules initiated by tunneling electrons, which were obtained using a variablelow-temperature scanning tunneling microscope ͑STM͒. The STM images reveal two types of chemisorbed O 2 , two types of O atoms, and an O 2 -O complex species. The rotation and dissociation pathways of each type of adsorbed O 2 molecules depend on the tunneling direction of the electrons.
II. EXPERIMENT
Experiments were carried out using a homebuilt variable-low-temperature STM, 26 housed inside an ultrahighvacuum chamber with a base pressure of 2 ϫ 10 −11 Torr. The Ag͑110͒ sample was cleaned by repeated cycles of 500 eV Ne ion sputtering and 693 K annealing. The STM tip was made by electrochemical etching of polycrystalline tungsten wire and further cleaned in situ by Ne ion self-sputtering and annealing. The STM tip was then reshaped by field emission and light physical contacts with the surface. During exposure of the Ag͑110͒ surface to O 2 molecules, the temperature was maintained between 40 and 75 K to ensure molecular chemisorption. An O 2 coverage of less than 0.01 ML ͑monolayer͒ was employed to permit investigation of individual wellisolated molecules. After adsorption was complete, the sample and the STM were cooled to 13 K to minimize thermal drift in the tip-sample junction. At 13 K, a very small number of CO molecules ͑Ͻ0.001 ML͒ were additionally adsorbed onto the surface; the transfer of one of these CO molecules to the apex of the STM tip enabled atomically resolved imaging. [27] [28] [29] The tunneling bias voltage in the STM junction was applied to the sample.
III. RESULTS

A. Two types of chemisorbed O 2 molecules
Inspection of numerous STM topographical images of O 2 molecules chemisorbed on a Ag͑110͒ surface revealed two predominant types of chemisorbed O 2 ; representative STM images of these two types are shown in Fig. 1 . One type of O 2 appears as an oval-shaped depression with a maximum depth of 0.4 Å when imaged using a bare metallic tip ͓Fig. 1͑a͔͒, and as a depression with two prominent protrusions when imaged using a CO-terminated tip ͓Fig. 1͑b͔͒. The other type of O 2 also shows an oval-shaped depression when imaged with a bare tip ͓Fig. 1͑d͔͒, although the depth of this depression is slightly greater than that of the other type of O 2 . When this second type was imaged using a COterminated tip, the shape of the image was modified but no protrusions appeared ͓Fig. 1͑e͔͒. The images of the two types of O 2 obtained using a bare tip ͓Figs. 1͑a͒ and 1͑d͔͒ are difficult to tell apart because the only distinguishing feature is a very slight difference in depth. In contrast, the STM images obtained using the CO-terminated tip ͓Figs. 1͑b͒ and 1͑e͔͒ are easily distinguished. The atomically resolved images of the Ag͑110͒ surface obtained using a CO-terminated tip revealed that the two types of adsorbed O 2 lie in the same type of fourfold hollow but have different orientations, as shown schematically in Figs. 1͑c͒ and 1͑f͒ . The molecular axis of the adsorbed O 2 shown in Figs. 1͑a͒ and 1͑b͒ is aligned along the ͓001͔ direction ͓O 2 ͑001͔͒, whereas the molecular axis of the other type of O 2 ͓Figs. 1͑d͒ and 1͑e͔͒ is aligned along the ͓110͔ direction ͓O 2 ͑110͔͒. Such alignment is concluded based on the dissociation pathways ͑see below͒, and the spatial symmetry of the electronic orbital and vibrational intensity of the O 2 ͑001͒. 29 It was determined that a dissociation pathway of the O 2 ͑001͒ involved the conversion to the O 2 ͑110͒ and then the two O atoms were always found to lie along the ͓110͔ direction ͑see below͒. Tunneling of electrons from the STM tip to O 2 ͑110͒, on the other hand, causes the oxygen molecule to dissociate rather than to rotate. Specifically, application of a positive voltage pulse of 480 mV to the sample with the STM tip positioned over the center of an O 2 ͑110͒ molecule caused the molecule to dissociate into two O atoms lying along the ͓110͔ direction. STM imaging revealed dissociated O atoms at three different separations: nearest-neighbor ͓Figs. 2͑a͒-2͑c͔͒, next-nearest neighbor ͓Figs. 2͑d͒-2͑f͔͒, and nextnext-nearest neighbor ͓Figs. 2͑g͒-2͑i͔͒. The depression of the nearest-neighbor O atoms ͓Fig. 2͑a͔͒ is the deepest. It should be mentioned that a prolonged positive voltage pulse on the O 2 ͑001͒ also led to the dissociation into two oxygen atoms whose separations were similar to those observed after the dissociation of O 2 ͑110͒.
Because the voltage pulse was applied with the feedback off, the tunneling current varied when the molecule or atom under the tip changed during the application of the pulse. Such a variation of the tunneling current was recorded during the application of a voltage pulse of 480 mV to an O 2 ͑001͒ molecule, as shown in Figs. 2͑j͒ and 2͑k͒. Here, the times at which the oxygen state changed are indicated by a sudden decrease of tunneling current in Fig. 2͑j͒ and a sudden decrease followed by an increase in Fig. 2͑k͒ difference in the depths of their STM images. Either stopping the voltage pulse upon detecting a sudden change in the tunneling current or controlling the pulse period makes it possible to selectively control the product.
C. Dissociation of O 2 by negative bias voltage pulses
The O 2 ͑001͒ molecule is also dissociated by negative voltage pulses, although different products are formed. O atoms, and does not diffuse on the surface. Both atoms in the complex simultaneously move to form an equivalent complex about the same Ag atom, as illustrated in Fig. 4͑d͒ . This observation indicates that the two atoms interact with each other through the Ag atom.
D. O 2 -O complexes
In addition to the individual O 2 molecules and O atoms, we also observed a complex comprised of an O 2 molecule and an O atom as a result of O 2 adsorption at 45 K ͑Fig. 5͒. Four types of equivalent orientation were observed for the complex ͓Figs. 5͑a͒-5͑d͔͒; the thermal energy at 13 K caused interconversion between these orientations within several minutes. Tunneling of electrons led to the dissociation of the complex into three O atoms, two O sb , and one O ffh ͓Fig. 5͑e͔͒. The atomic-scale image of the complex taken using a CO-terminated tip ͓Fig. 5͑f͔͒ shows a combination of an O 2 on the fourfold hollow site and an O sb . The complexes may be produced when a highly mobile O sb formed by thermal dissociation migrates across the surface and attaches to an O 2 . There are four possible next-nearest short-bridge sites around the O 2 site, which leads to four types of orientations as shown in Fig. 5 . The relative proportion of this species was about 6% ͑Table I͒. Even if the surface is dosed at temperatures low enough that only molecular chemisorption should occur ͑45-75 K͒, a very small number of molecules are likely to dissociate, as established previously using highresolution electron-energy-loss spectroscopy ͑HREELS͒.
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IV. DISCUSSION
A. Adsorption of O 2 molecules
O 2 molecules physisorb onto a Ag͑110͒ surface at temperatures below 40 K. 6, 7 In our experiments on physisorption of O 2 at 13 K, 30 we found that the weakly bonded physisorbed molecules diffused across the surface until they encountered an impurity, after which they were attached to the impurity to form an island. Such mobility and weak binding on the surface led to unstable STM images. For chemisorbed O 2 molecules, it is well established that the molecular axis is parallel to the surface; however, the details regarding the O 2 orientation and adsorption site have been a matter of debate. [8] [9] [10] [11] [12] [13] [14] [15] [16] Recent density-functional theory ͑DFT͒ calculations 12, 13 revealed that the optimal adsorption site is the fourfold hollow site and that adsorption energies are 0.51 and 0.55 eV for the ͓110͔ and ͓001͔ orientations, respectively. However, within the accuracy of the calculations the two orientations thus appear equally likely. Such a very slight difference in energy might cause some conflicts in the assignment of the orientations from experimental results. Outka et al. 9 assumed the molecular axis to align only along the ͓110͔ direction whereas an electron stimulated desorp- tion ion angular distribution study 11 13 that the slight difference in the calculated adsorption energies could be reconciled with previous experiments, if one assumes that the relative populations of the two O 2 orientations depend on the procedure used to prepare the chemisorbed state. Recent combined HREELS/temperature programmed desorption experiments were interpreted along the same lines, 16 where they concluded that two chemisorbed states can be produced by direct adsorption above 40 K. Figure 1 shows direct evidences of the existence of the two types of O 2 molecules ͑produced by direct adsorption at 45-70 K͒ and the adsorption sites and orientations of the O 2 molecules. Two vibrational modes were observed on O 2 ͑001͒ molecules using STM inelastic electron tunneling spectroscopy, 29 whereas no vibrations were found on O 2 ͑110͒. One interesting correlation in the characteristics of the system of O 2 absorbed on Ag͑110͒ is that the ratio of the number of O 2 ͑001͒ to the number of O 2 ͑110͒ is 0.71, which is the same as the ratio of the lattice distances along the ͓001͔ and ͓110͔ directions ͑2.89 and 4.09 Å for ͓001͔ and ͓110͔, respectively͒. This suggests the possibility that the orientation of the O 2 on the Ag͑110͒ surface is determined by the direction at which the O 2 molecule impinges on the surface during adsorption. Assuming that the orientations of the gas phase molecules are statistically distributed and that the energy barrier to rotation is at the diagonal of the unit cell, 13 the wider lattice spacing along the ͓001͔ direction may lead to a greater population of O 2 ͑110͒. This is possible because the barrier to rotation along the diagonal in the unit cell ͑ϳ0.6 eV͒ ͑Refs. 12 and 13͒ is higher than the estimated adsorption energy ͑ϳ0.4 eV͒.
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B. Dissociation pathways of O 2 molecules
In previous work 17 on the thermal dissociation of O 2 on a Ag͑110͒ surface, it has been assumed that the trajectories of the O atoms during dissociation follow the direction predetermined by the molecular axis. Such behavior is observed in the present work when a negative voltage pulse is applied to O 2 ͑001͒. However, application of a positive voltage pulse to O 2 ͑001͒ first causes the molecule to rotate to form O 2 ͑110͒, which then undergoes dissociation. Hence dissociation occurs along a direction perpendicular to the original O 2 ͑001͒ molecular axis. Such contrasting dissociation pathaways involve the 1 g Ќ antibonding orbital resonance, which is located at the Fermi level of the O 2 ͑001͒ on Ag͑110͒. 31 This resonance is also involved in STM imaging 31 and vibrations 29 31 Therefore, the contrasting dissociation behavior of O 2 ͑001͒ depending on the polarity of voltage pulse is associated with the molecular orbital; 32 it is the injection of electrons into this orbital that causes the rotation. It should be noted that O 2 ͑110͒ molecules always dissociate along the ͓110͔ direction regardless of the sign of the voltage pulse.
The observation of such dissociation pathways confirms the assignment of the orientation of the two types of the O 2 molecule. The average atomic separation after the dissociation induced by the negative voltage pulse was 10.7 Å ͑25 s period at a bias voltage pulse of −390 mV and tunneling current of 1 nA͒, which is about ϳ1.5 ͑2.2͒ times of a lattice space along the ͓110͔͓͑001͔͒ direction. In contrast, the average atomic separation resulting from the positive voltage pulse was only 4.3 Å ͑25 s period at a bias voltage pulse of 470 mV and a tunneling current of 1 nA͒. This difference in atomic separations of positive/negative voltage pulses may present one of surface anisotropy effects on dissociation dynamics. The interpair separation after thermal dissociation of O 2 on Pt͑111͒, 33 Cu͑110͒, 34 Rh͑001͒, 35 and Ag͑110͒ ͑Ref. 17͒ is more than one lattice constant, and is similar to that of tunneling-electron-induced dissociation. 36, 37 The higher than expected atomic separation after thermal dissociation observed in the present work suggests the existence of hot atoms produced by the transfer of adsorption energy into kinetic energy. The larger separation observed along the ͓001͔ direction could be due to the higher mobility of O sb .
C. Diffusion of oxygen atoms
The O sb was not observed in the thermal dissociation results at 170 K that O 2 dissociated into two O ffh along the ͓001͔ direction. 17 We found that O sb undergoes thermal diffusive motion even at 13 K, moving up to two lattice spacings within an hour, whereas O ffh is very stable. Formation of O sb may be associated with a higher corrugated surface potential along the ͓001͔ direction. Because of the higher potential corrugations, extension of the O-O bond for dissociation along the ͓001͔ direction makes it possible to produce the O ffh -O sb complex. In the present experiments, O sb was produced by thermal dissociation at 45-75 K ͑6% in Table I͒ . The high mobility of O sb may play an important role in added-row surface reconstruction at elevated temperatures.
We observed that O sb atoms always diffused between short-bridge sites, regardless of whether they diffuse along the ͓001͔ or ͓110͔ direction. This indicates that the O sb atoms have a higher barrier for diffusion to fourfold hollow sites than to other short-bridge sites. Therefore, when O sb diffuses along the ͓001͔ direction it must bypass the fourfold hollow site.
O ffh atoms are highly reactive to adsorbed CO molecules 38 whereas O sb are not. The CO molecule can be positioned with the STM at various distances from the O ffh and the O sb . At the closest separation, CO 2 production can be induced by tunneling electrons with the O ffh . 38 However, no reaction was observed between the CO and the O sb even though the O sb diffuses to the CO very closely. The different reactivities of O ffh and O sb with CO are consistent with the prediction by Burghaus and Conrad that two atomic oxygen species with slightly different reactivities exist on the Ag͑110͒ surface. 23, 24 They made this prediction on the basis of experiments in which, after dissociative O 2 adsorption at 180 K, a CO molecular beam was directed at the Ag͑110͒ surface. They observed CO 2 production, but the reaction rate showed unexpectedly complex behavior as a function of exposure. These observations led them to conclude that two atomic oxygen species existed on the surface.
V. SUMMARY
In a STM study of the chemisorption and dissociation of single O 2 molecules on a Ag͑110͒ surface, we directly observed two types of O 2 molecule ͓O 2 ͑001͒ and O 2 ͑110͒, two types of oxygen atom ͑O ffh and O sb ͒, and the O 2 -O sb complex. The rotation and dissociation pathways of O 2 ͑001͒ depend on the direction of electron tunneling. Furthermore, the dynamical features of the O sb atoms, the O ffh -O sb complex, and the O 2 -O sb complex were observed. Our results provide insights into the adsorption, dissociation, and reaction dynamics of oxygen molecules and atoms, and these insights should be explored in future theoretical calculations.
